Abstract: Type 1 copper (T1Cu) proteins are electron transfer (ET) proteins involved in many important biological processes. While the effects of changing primary and secondary coordination spheres in the T1Cu ET function have been extensively studied, few report has explored the effect of the overall protein structural perturbation on active site configuration or reduction potential of the protein, even though the protein scaffold has been proposed to play a critical role in enforcing the entatic or "rack-induced" state for ET functions. We herein report circular permutation of azurin by linking the N-and C-termini and creating new termini in the loops between 1 st and 2 nd b strands or between 3 rd and 4 th b strands. Characterization by electronic absorption, electron paramagnetic spectroscopies, as well as crystallography and cyclic voltammetry revealed that, while the overall structure and the primary coordination sphere of the circular permutated azurins remain the same as those of native azurin, their reduction potentials increased by 18 and 124 mV over that of WTAz. Such increases in reduction potentials can be attributed to subtle differences in the hydrogenbonding network in secondary coordination sphere around the T1Cu center.
Introduction
Type 1 copper (T1Cu) proteins are a family of small copper-containing proteins involved in many important biological electron transfer (ET) processes, from photosynthesis to respiration. [1] [2] [3] [4] [5] [6] [7] Because of its prevalence in many organisms and its important functional roles as ET centers, numerous studies have been carried out to understand why this class of proteins can transfer electrons much more efficiently than most other metalloproteins. Results from these studies have attributed such efficiency to the unique properties of the T1Cu center that are not commonly observed in either inorganic copper complexes or in other types of copper proteins. [8] [9] [10] [11] [12] [13] [14] [15] The T1Cu center is a mononuclear Cu center coordinated to one Cys and two His residues in a trigonal plane, and these structural features have been shown to contribute to the very low reorganization energy for ET. [16] [17] [18] Given the unique coordination sphere of the T1Cu center and its significant functional properties, scientists have been trying to elucidate how this center is constructed; insights gained from these studies can guide the design of artificial ET centers for applications such as solar energy utilization and fuel cells. Toward this goal, Williams, Malmstr€ om and Gray have proposed that the overall protein structure must play a key role in positioning the ligands to the T1Cu center properly to minimize reorganization energy in redox process, leading to rapid electron transfer rate. This minimized energy status is known as the entatic or "rack-induced" state. 1, 19, 20 While the roles of primary coordination sphere (i.e., ligands that coordinate to the metal center directly) and secondary coordination sphere residues (i.e., residues that interact with the primary coordinating ligands) in tuning reduction potentials and reorganization energies of the T1 copper proteins have been extensively studied by site-directed mutagenesis and unnatural amino acids incorporation, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] the impact of the changing the overall protein fold on the "rack-induced" state has not been explored. To address this issue, we report herein construction and characterization of circularly permutated variants of azurin, a T1Cu protein, and investigation of the effects of protein scaffold changes on both structural and functional properties of the T1Cu center. We found that, while circular permutation of azurin did not change the overall structure or the primary coordination sphere, it resulted in increase of reduction potentials of the T1Cu center, which can be attributed to subtle changes in the secondary coordination spheres of the T1Cu center, especially hydrogen bonding and electrostatic distances.
Experimental Procedures

Spectroscopic characterization
Electronic absorption spectra were recorded on an HP 8453 diode array spectrometer or a Cary 5000 spectrometer. X-band EPR spectra were collected on a Varian E-122 spectrometer at the Illinois EPR Research Center (IERC). Proteins were exchanged into TIP7 buffer 31 using a short Sephadex G-25 column. The spectra were collected at $30 K using liquid He and an Air Products Helitran cryostat with 20% glycerol. Magnetic fields were calibrated with a Varian NMR gaussmeter, and the frequencies were measured with an EIP frequency counter. Spin counting was performed using a series of CuSO 4 solution of known concentration. Both standard curve and sample curve were double integrated in OriginPro 8.5 software to obtain the area. Concentrations of Cu in the samples were calculated from the above standard curve. Every sample was made in triplicate. Electronic absorption spectra of samples were taken before EPR and the extinction coefficient was calculated based on the electronic absorption spectrum and spin counting result using Beer's law.
Copper concentration was analyzed by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) on a PerkinElmer NexION 300X spectrometer, calibrated by standard solution from Sigma. Extinction coefficient was calculated based on the electronic absorption spectrum and copper concentration of the same sample.
EXAFS and XANES spectra were collected at beam line X3B, National Synchrotron Light Source with a sagittally focused Si (111) crystal monochromator. Samples were cooled to 40K before scanning and kept cold during data collection. Ka fluorescence was collected by a Canberra 31-element Ge detector. A Cu foil was used as reference to calibrate energy. A 6lm Ni filter was placed before detector to reduce elastic scattering. Four to six scans of each sample were collected. The data were carefully monitored for photoreduction, and where evident, only the first spectrum of a series was included in the final average. In such cases, a new sample spot was chosen for each spectrum collected. Data reduction and background subtraction were performed with EXAF-SPAK 32 and data was fitted with EXCURVE 9.2 [33] [34] [35] [36] as previously described.
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Crystallization Following the previously reported procedure for azurin purification, 37 the protein was further purified using size-exclusion chromatography (Sephacryl S-100 resin packed in a GE 26/100 column). The protein was eluted with 0.5 ml/min 50 mM NH 4 OAc pH 6.35 monitored at 280 and 625 nm using detectors on a GE Akta purifier. After size exclusion column, fractions corresponding to azurin monomer were collected and concentrated to 5 mM. Two microliter of 5 mM protein was mixed with equal volume of well buffer (0.1 M Tris, 0.1 M LiNO 3 , 0.01 M CuSO 4 with 35% polyethylene glycol 10000), and crystalized using the hanging drop method, with 300 lL well buffer in each well of the crystallization tray.
Electrochemical characterization
The reduction potential of each mutant was determined by cyclic voltammetry after verifying the WT azurin reduction potential on a CH Instruments 617A potentiostat equipped with a picoamp booster and a Faraday cage. A pyrolytic graphite edge (PGE) electrode was polished with aluminum powder and sonicated, and 2-3 lL of protein solution was applied directly to the electrode following previously described methods. 25, 38 After a short incubation time, the electrode was immersed in either 50 mM NH 4 OAc, pH 4.0 with 100 mM NaCl, or 50 mM NH 4 OAc, pH 7.0 with 100 mM NaCl before data collection. The reduction potentials were measured against Ag/AgCl and converted to those against NHE by adding 210 mV to the obtained value calculated based on the value of ferricyanide control.
Results and Discussion
Design of circularly permutated azurin variants
All T1Cu proteins share a Greek key b barrel fold [ Fig. 1 strand. To connect the two termini, we designed a linker containing 5 amino acids (GIPGG) with the Gly and Pro being chosen to provide enough flexibility and a kink to bend the peptide chain. To test our design, the gene of the cpAz1 and cpAz2 mutants were constructed using overlapextension PCR and verified by sequencing. The proteins were expressed in E. coli and purified from the periplasm, following a protocol described for WTAz previously, 37 to obtain metal-free apo proteins with a yield of $30 mg/L. The identities of the cpAz1 and cpAz2 proteins were verified by electrospray mass spectrometry after purification (Supporting Information Fig. S1 ).
Spectroscopic characterization
Titration of Cu 21 into the purified apo-cpAz1 and apo-cpAz2 was carried out by sub-equivalent additions of CuSO 4 to 0.2 mM of apo-proteins until the saturation of the ligand to metal charge transfer band around 620 nm. The titration resulted in a strong blue color, similar to that of WTAz. After removing excess Cu 21 from the solution by passing the proteins through a short desalting column, the electronic absorption spectra in the ultraviolet and visible region (UV-vis) of holo-cpAz1 and holo-cpAz2 were collected. As shown in Figure 2 , Table I and Supporting  Information Table S1 , the spectra look similar to that of WTAz, with k max of cpAz1 (623 nm) and cpAz2 (618 nm) only slightly blue-shifted from that of WTAz (627 nm), which has been assigned as p p(Cys) -Cu(II) charge transfer band. Nevertheless, cpAz2 has a higher 470 nm and 800 nm absorption, corresponding to p r(Cys) -Cu(II) charge transfer band and d-d transition band. In addition, the EPR spectra of Cu(II)-containing cpAz1 and cpAz2 look almost identical to that of WTAz, showing typical axial T1Cu signal with A and g values similar to those of the WTAz (Fig. 3, Table I ). These results strongly suggest that the permutations did not cause major structural changes to the T1Cu site in the circularly permutated azurins and that the T1Cu center retained its unique features.
Electrochemical measurements
After determining that the circular permutated cpAz1 and cpAz2 contain a T1Cu center that is almost identical to that in WTAz, we investigated their functional properties as redox agents by measuring their reduction potentials using cyclic voltammetry (Fig. 4, Table I ). 25, 44 Interestingly, the cpAz2 displays a reduction potential of 394 mV at pH 4 and 350 mV at pH 7, which is respectively 70 and 124 mV higher than that of WTAz at the respective pH values. The reduction potential of cpAz1 was similar to WTAz but slightly higher (342 mV at pH 4 and 244 mV at pH 7).
Structural characterization-primary ligand investigation
To understand the reason behind increased redox potential of cpAz2 and to investigate the results of spectroscopic studies suggesting similar T1Cu ligand environment, we crystalized cpAz2 and the crystal was diffracted to 2.4 Å resolution (Supporting Information Table S3 ). An initial molecular replacement with full length WTAz as the model structure failed in phasing the diffraction data; however, phasing the data using a structure that contains the coordinates of residues 42-128 of WTAz was successful. The structure of cpAz2 was refined to an R free of 0.25 (Supporting Information Table S2 ). Each asymmetric unit contains two protomers with slightly different conformations, and four copper ions. The overall structure aligned well with that of WTAz (Fig. 5, Supporting Information Figure S2 ). The structure confirmed that the original N-and Ctermini were connected by a loop, on top of a b stand, as was designed. More importantly, the T1 copper center of cpAz2 overlays well with that of WTAz [ Fig. 5(B) , Supporting Information Table S3 ]. 1 We did note slightly longer distances of N His -Cu and S Cys -Cu, and shorter distance of S Met -Cu in cpAz2 in comparison with those in WTAz [ Fig. 5(B) ], which could be attributed to partial reduction of Cu(II)-cpAz to Cu(I)-cpAz by the X-ray beam during data collection.
In addition to the T1 copper center of the protein, there are two additional copper ions (Supporting Information Fig. S3 ). One is coordinated by His43 of one of the protomers, which also appears in other azurin structures. 45 The other copper ion is coordinated by two N-terminal amine groups (2.59, 2.67 Å ), one backbone carbonyl (2.07 Å ) and one backbone amide group (2.25 Å ). The two additional copper sites were formed due to the high copper concentration (0.1 mM) in the crystallization buffer. Since the distances obtained from the above crystal structure may not be accurate, due to limited x-ray resolution and potential reduction of the Cu(II) ion in the protein by x-ray beam, we sought to obtain more detailed metal-ligand distances by collecting the EXAFS of cpAz1 and cpAz2 (Fig. 6 , Table II) . As a control, the EXAFS spectrum of WTAz was collected at the same time and was fitted by two histidines and one cysteine at 1.93 and 2.17 Å , which agrees well with the distances reported previously. 27 Simulation of the cpAz1 EXAFS data gave two histidines and one cysteine at 1.93 and 2.16 Å , while fitting of cpAz2 data gave two histidine and one cysteine at 1.94 and 2.16 Å . Addition of a water molecule at 2.5 Å did not result in significant improvement of either fittings and gave an unrealistic Debye-Waller factor. Therefore, the EXAFS suggests that both cpAz1 and cpAz2 possess the same ligand set and almost the same distances, and thus providing firm structural evidence that cpAz1 and cpAz2 have the same blue copper center as in WTAz, consistent with the spectroscopic studies.
Structural characterization-secondary interaction investigation
According to the spectroscopic characterizations, crystallography, and EXAFS, electronic structure and distances between primary ligands and copper ion of cpAz2 remains similar to those of WTAz. As demonstrated from previous studies, non-covalent secondary coordination sphere interactions may exert significant influence on the redox potential of azurin, despite a nearly identical T1Cu center. 25 Thus we decided to take a closer look at the longerrange interactions in the crystal structure of cpAz2. While the two structures overlay very well in most part, examination of crystal structure of cpAz2 revealed that hydrogen bond distances between N7 and C72, F74 and C72, and N7 and T73 are shorter in cpAz2 than the corresponding residues in the WTAz [Supporting Information Table S3 , Fig. 5(B) , Supporting Information Fig. S4 ] which indicates increased rigidity of the site in cpAz2. Strengthening of the bonding interactions between the two ligand loops is known to increase the redox potential in single mutations, 25, 46 as well as in mutants with altered copper binding loop, 47, 48 consistent with the observed increase in the potential of cpAz2. In addition we noticed that due to cutting the loop at N42, the backbone carbonyl of Gly45 is now more flexible and is located further from the Cu binding site. The removal of a partial negative charge from the T1Cu site would result in an increase in potential (Supporting Information Fig. S4 ). While it has been proposed that the entatic or "rack-induced" state is important for the electron transfer function of blue copper proteins, including tuning of reduction potentials and modulating reorganization energies, structural features responsible for such effect remains to be fully understood. Through analysis of the crystal structure, we have found that the changes of hydrogen bonding interactions in the secondary coordination sphere is a contributing factor in the increase of the reduction potential. This finding from circular permutation studies of the whole protein scaffold is consistent with those from previous studies that focus more on the environment around the active site, 25,46-48 and highlight the importance of hydrogen bonding network on the reduction potential tuning of copper protein. This work showed that the protein scaffold not only serves as a scaffold to hold the metal center, but also actively modulates its properties through secondary sphere interactions such as hydrogen bonding, making them the major contributing structural features for the entatic or "rackinduced" state.
Conclusion
We have successfully constructed two azurin variants whose topologies are circularly permuted. The resulting variants, cpAz1 and cpAz2, displayed similar electronic absorption and EPR spectra as the wild type azurin. The crystal structure of cpAz2 and EXAFS of both mutants indicate both the overall structure and primary coordination sphere of the T1 copper center are similar to those of wild type azurin. An interesting finding from this study is that, despite the almost identical overall structure and primary coordination ligands of the T1Cu center, the redox potentials of the T1Cu centers in cpAz1 and cpAz2 are 18 and 124 mV higher than that of WTAz. A close inspection of the crystal structure of cpAz2 revealed that the overall increase in rigidity of the site to accommodate the permutation and the subtle changes in electrostatic and hydrogen bonding patterns in the secondary coordination sphere may account for the increase in redox potential. These results demonstrate that while circular permutation can be applied to metalloproteins such as azurin without major changes in the overall structure or the primary coordination sphere of the metal center, subtle changes in the secondary coordination sphere caused by the permutation may a F is a least-squares fitting parameter defined as.
2 b Fits modeled histidine coordination by an imidazole ring, which included single and multiple scattering contributions from the second shell (C2/C5) and third shell (C3/N4) atoms respectively. The Cu-N-C x angles were as follows: Cu-N-C2 1268, Cu-N-C3 21268, Cu-N-N4 1638, Cu-N-C5 21638. c Coordination numbers are generally considered accurate to 6 25%. d In any one fit, the statistical error in bond-lengths is 60.005 Å . However, when errors due to imperfect background subtraction, phase-shift calculations, and noise in the data are compounded, the actual error is probably closer to 60.02 Å . e Debye-Waller factors are quoted as 2r 2 .
results in notable differences in functional properties.
